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INTRODUCTION
We have previously reported that a single intracranial aTf (apotransferrin) injection [ICI (intracranial injection)] to threeday-old rats increases the expression of diverse myelin constituents (Escobar Cabrera et al., 1994; 1997 , 2000 . We also showed that ICI significantly increased myelin deposition, especially in areas close to the lateral ventricles, using both light and electron microscopy (Marta et al., 2003) . The in vivo effects of aTf were also reproduced in OL (oligodendrocyte) primary cultures (Paez et al., 2002) as well as in N19 and N20.1 cell lines (Paez et al., 2004) . Our results were partially confirmed by other authors who showed that aTF regulates MBP (myelin basic protein) transcription and that its enhancement in myelinogenesis observed in myelin-deficient rats was synergized by EGF-1 (epidermal growth factor 1) (Espinosa de los Monteros et al., 1989 Monteros et al., , 1999 Espinosa-Jeffrey et al., 2002) . Transgenic mice overexpressing the human aTf gene (Saleh et al., 2003) showed an increase in their myelin components similar to that found in rats ICI with aTf. We have also reported that remyelination after cuprizone-induced demyelination in rats is stimulated by aTf (Adamo et al., 2006) and, more recently, we reported that the treatment of iron-deficient animals with a single aTf ICI enhances myelination, improving different biochemical parameters affected by iron deficiency (Badaracco et al., 2008) .
White matter damage after H/I (hypoxia/ischaemia) occurs in the immature brain and leads to PVL (periventricular leukomalacia), a neuropathology associated with brain injury in the premature infant (Volpe, 2001) . During the period, infants are at greatest risk for PVL (24-32 post-conceptional weeks), premyelinating OPCs (oligodendroglial progenitor cells) predominate in the human cerebral white matter (Back et al., 2001) . Lethal injury to OPCs in the immature (non-myelinated) cerebral white matter was proposed to be a key feature in PVL resulting in hypomyelination (Rice et al., 1981; Volpe, 2001; Rezaie and Dean, 2002; Haynes et al., 2003) . Hypomyelination impairs axon conduction, leading to deficit in motor, sensory and/or cognitive function depending on the location of the affected axons. In an effort to reveal the causes for this regeneration failure various researches were focused on the molecular aspects regulating myelination. It is likely that factors involved in normal myelination participate in remyelination of the injured CNS (central nervous system). Molecules implicated in OPC differentiation and maturation might induce positive signals for recovery. aTf is important for normal myelination by acting at several critical steps during OPC development and myelination (Paez et al., 2002 (Paez et al., , 2004 .
The aim of this work is to examine the role of aTf in demyelination and remyelination using a neonatal rat model of white matter damage by H/I as previously described by Vannucci (1997, 2005) , and Vannucci et al. (1999) . Our results suggest that aTf provides neuroprotection to OPCs after cerebral H/I promoting remyelination of the CC (corpus callosum). Additionally, we have found that aTf treatment increased positive cells for OPC markers and decreased cell death in neonatal SVZ (subventricular zone) subjected to H/I insult. We propose that aTf promotes OPC maturation and myelin recovery in the H/I CC by decreasing iron-mediated toxicity and inducing new OPCs from the SVZ.
MATERIALS AND METHODS

Materials
Human apotransferrin, Hö echst 33342, 3,39 diaminobenzidine, paraformaldehyde, 5-bromo-2-deoxyuridine and Triton X-100 were purchased from Sigma Chemical Co. (Saint Louis, MO, U.S.A.), DMEM (Dulbecco's modified Eagle's medium) F12 was from HyClone (Logan, UT, U.S.A.) and FCS (fetal calf serum) was from Toulbey, Argentina. Recombinant human basic fibroblast growth factor and EGF-1 were from PeproTech (Veracruz, Mexico). DeadEnd TM Colorimetric TUNEL System was purchased from Promega (Madison, WI, U.S.A.). Anti-NG2 antibody and anti-RIP (where RIP is receptor-interacting protein) were purchased from Chemicon (Temecula, CA, U.S.A.). Anti-GFAP (where GFAP is glial fibrillary acidic protein) and anti-Nestin antibodies were purchased from Neuromics (Edina, MN, U.S.A.). Anti-Sonic hedgehog (Shh) was a gift generously given by Dr Andrés Carrasco and anti-PDGFRa was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.).
Anti-Na-acetyllysine-HNE (where HNE is hydroxynonenal) fluorophore antibody was purchased from Calbiochem (Darmstadt, Germany). Anti-cleaved-caspase-3 was purchased from Cell Signalling Technology (Beverly, MA, U.S.A.). Griffonia simplicifolia was purchased from Vector Laboratories (Burlingame, CA, U.S.A.). Anti-PCNA (where PCNA is proliferatingcell nuclear antigen) was purchased from Dako Corporation (Copenhagen, Denmark). Anti-CD71 was purchased from PharMingen (San Diego, CA, U.S.A.). Mouse monoclonal antibody to BrdU (bromodeoxyuridine) (5-bromo-2-deoxyuridine) was purchased from Roche (Mannheim, Germany). Antib-tubulin III was a gift from Dr Santiago Quiroga (University of Cordoba). Anti-H-ferritin antibody was a gift generously given by J. R. Connor (Pennsylvania State University College of Medicine). Anti-O4 was donated by Dr Ernesto Bongarzone (Cell Biology, University of Illinois in Chicago). Anti-MBP antibody was a gift generously given by Dr A.T. Campagnoni (Mental Retardation Research Center, University of California, Los Angeles, CA, U.S.A.). Anti-CAII antibody was a gift from W. Cammer (A. Einstein College of Medicine, New York, NY, U.S.A.).
Perinatal H/I
Cerebral H/I was produced in 7-day-old Wistar rats (day of birth being postnatal day 1) of either sex by a permanent unilateral common carotid artery ligation followed by systemic hypoxia as described by Rice et al. (1981) . Wistar pups of either sex were anaesthetized with ketamine (20 mg/kg body weight) and xylazine (2.5 mg/kg body weight). Once they were fully anaesthetized, a midline neck incision was made; the right common carotid artery was isolated by blunt dissection and then ligated using 5-0 surgical silk. After 3 h recovery, the animals were exposed to 120 min of humidified 8% O 2 /92% N 2 at 37˚C in a water bath. Control animals were separated from the dam for the same period of time. In our experience, artery ligation failed in two out of ten animals and these rats (without cerebral atrophy) were immediately discarded. A group of animals was ICI in the CC 24 h after H/I with 5 ml of aTf at a concentration of 70 ng/ml (350 ng/brain) under ether anaesthesia. Animals ICI with saline solution were used as controls. The injection was done 3 mm dorsoventral, 0 mm anteroposterior and 0 mm lateral to bregma. All experimental animal instructions were approved by the University of Buenos Aires Committee and animal experimentation was in accordance with the National Institute of Health-Guide for the Care and Use of Laboratory Animals.
Primary neurosphere assay
After 4 days of recovery from H/I, Wistar P11 pups were killed by decapitation and their brains removed using aseptic techniques. The meninges were removed and the region enclosed between the cortex and the ventricles containing the SVZ, under the different experimental conditions, were removed and placed in dishes containing DMEM F12 medium. The SVZ were mechanically minced (three SVZs preparation for each group). After digestion with trypsin, the cell suspension was passed through a 40 mm Nitex screen and cells were collected by centrifugation at 300 g for 5 min. The cells were then plated in 25 cm 2 flasks and kept in DMEM F12 supplemented with B27, 20 ng/ml EGF and 10 ng/ml bFGF-2 (basic fibroblast growth factor 2). To perform neurosphere volumetric measurements, digital photographs were captured from at least 20 neurospheres from each condition after 5 days in vitro and volumes were calculated using the Image J software. For the differentiation studies, the neuroespheres were dissociated 7 days after plating, and the cells were then plated into poly-ornitine-coated dishes in GDM [glial defined medium (DMEM F12 supplemented with 4 g/l glucose, 2.4 g/l NaHCO 3 , 25 mg/l insulin, 8 mg/l putrescin, 50 mg/l transferrin, 9.8 mg/l T3, 20 nM progesterone, 8 mg/l selenite and 10 mg/l biotin)] (Casaccia-Bonnefil et al., 1996) without mitogens. After 5 days, the cells were scraped free from their culture dishes using a cell scraper, transferred to flow cytometry tubes and washed with PBS. Subsequently cells were immunostained with a specific antibody O4 (1/50) (3 h at 37˚C), followed by fixation with 4% (w/v) paraformaldehyde [1 h at room temperature (25˚C)] and incubation overnight with antibody against MBP (1/200) in PBS containing 0.2% bovine serum albumin and 0.03% Triton X-100. The next day, cells were washed with PBS and treated with fluorescent secondary antibodies. To rule out non-specific trapping of antibodies, the cells were incubated in the absence of primary antibodies and in the presence of both secondary antibodies fluorescently labelled (DyLight 488 or 649). The positive fluorescent cells were analysed on a PAS III flow cytometer (Partec, Munich, Germany). The data from 2610 4 cells were collected, stored and analysed using the FloMax software. To determine the gates and establish background levels, we used the fluorescence in the control tubes.
Cell proliferation and migration
To evaluate cell proliferation and migration, animals of each group were intraperitoneally injected with BrdU (100 mg/kg) 12 h post H/I injury, and saline or aTf injection. Animals were killed three days after H/I (P10). Another group of rats received daily BrdU injections from P8 to P10 and were killed at P21. Coronal sections were analysed for BrdU+ cells using a specific antibody. In these experiments PDGFRa+ cells and CAII were also investigated and their co-localization with BrdU+cells analysed in different experimental conditions.
Sudan Black myelin staining
Floating sections were mounted on to gelatin-precoated glass slides and treated for 5 min with 70% ethanol and immersed in a 70% ethanol solution of 0.5% Sudan Black B for 30 min. Excess staining was removed by washing the slides in 70% ethanol.
Iron staining
Sections were processed using a modification of the Perl's staining instruction to detect ferric iron (Bishop and Robinson, 2001; Moos and Mollgard, 1993) . Intensification of Perl's reaction was performed with DAB-Ni sulphate (39-39-diaminobenzidinenickel sulphate; 0.05%:0.01%).
Western-blot analysis
The CC under different experimental conditions were dissected out 2 weeks after H/I (three animals per condition) and placed into tubes containing TOTEX lysis buffer (20 mM Hepes, pH 7.9, 350 mM NaCI, 20% glycerol, 1% Nonidet P40, 1mM MgCI 2 , 0.5 mM EDTA and 0.1 mM EGTA) (1 ml of buffer per 200 mg tissue). Samples were placed on ice and the tissues homogenized. Tissue was incubated at 95˚C for 10 min, and the homogenates centrifuged at 14000 rev./min to remove insoluble material. SVZ tissue was dissected from control, H/I S and H/I aTf hemispheres at P10 (3 SVZs per condition) and homogenized with TOTEX lysis buffer (350 ml buffer per each SVZ). Protein concentration was determined (Bio-Rad Protein Assay kit) and to perform Western blot, 20 and 100 mg of protein sample from CC and SVZ, respectively, were boiled for 5 min in Laemmli buffer containing 4% 2-mercaptoethanol. Proteins were separated by SDS/PAGE using 15% acrylamidebisacrylamide gels and transferred on to polyvinylidene fluoride membranes. These were blocked in PBS-T (PBS-0.1% Tween 20) containing 5% FCS for 2 h, followed by incubation with primary antibodies overnight at 4˚C. The primary antibodies used were anti-MBP (1/1000) in CC samples and anti-Shh (1/200) in SVZ samples. Membranes were washed in PBS-T, incubated for 1 h in horseradishperoxidase-conjugated secondary antibodies diluted 1/2000 in blocking buffer, washed in PBS-T and then developed using 3-39 diaminobenzidine/ Niquel/H 2 O 2 mixture. Membranes were stained with Fast Green to evaluate equal protein loading into wells and densitometric analysis was performed using the Gel-Pro analyzer 4.0
Brain section preparation
Animals were anaesthetized with ketamine and xylazine and perfused through the left ventricle of the heart with 30 ml of PBS followed by a 4% solution of paraformaldehyde in PBS. The brains were carefully dissected out and post-fixed in the same solution overnight followed by thorough washing in PBS and cryoprotection in 15 and 30% sucrose in PBS for 24 h. The tissue was then frozen and used for obtaining 40 mm cryostat coronal sections using a Leica CM 1850 cryotome. The floating sections obtained from different areas of the brain were kept in PBS/ glycerol (1:1) solution and stored at 220˚C until evaluation.
Immunohistochemistry
For immunohistochemistry, floating cryostat sections were rinsed twice with PBS (pH 7.4), then again with PBS/0.1% Triton X-100 (only for cytosolic antigens) and blocked overnight with a solution containing 5% FCS in PBS. For the immunological detection, we performed floating immunohistochemistry. For indirect immunofluorescence, sections were incubated at 4˚C with the following antibodies:
Apotransferrin and hypoxic/ischaemic injury anti-NG2 and anti-PDGFRa, both antigens expressed by OLs at early stages of development; anti-Shh, a factor known to induce two bHLH (basic helix-loop-helix) transcription factors (Olig1 and Olig2) that play a key role in the specification of OL precursors; anti-Nestin, a marker of neuroepithelial stem cells; anti-PCNA, to identify proliferating cells; anti-GFAP, to stain astrocytes; anti-H-ferritin to identify iron enriched cells; the biotinylated lectin G. simplicifolia (GSA-1B 4 ) for microglial cells; anti-HNE (1/100) to identify free radical peroxidation of lipids; and anticleaved-caspase-3 to identify dying cells by apoptosis. We also used antibody against transferrin receptors (CD71) and anti-O4, an antibody for intermediate/late stages of development of OLs (pre-OLs). Identification of mature/adult OLs was carried out using anti MBP, anti-CAII and anti-RIP antibodies. For BrdU immunostaining, sections were pretreated in 2 M HCl for 60 min at 37˚C followed by extensive rinses in 0.1 M borate buffer, pH 8.5, and with PBS/0.1% Triton X-100. Afterwards, tissue sections were blocked and incubated with mouse monoclonal anti-BrdU (1/100). After treatment with primary antibodies, sections were rinsed with PBS and incubated for 2 h at room temperature with the appropriate secondary antibody and 5 mM Hö echst dye. Sections were rinsed again with PBS, carefully placed on glass slides, dried overnight and mounted with a fluorescence mounting medium for epifluorescence microscopy. Samples were observed under fluorescence or light microscopy in an Olympus BX50 microscope. NG2 and O4/caspase-3 immunostained sections were analysed with a Confocal microscope Eclipse E800 Nikon.
TUNEL (terminal deoxynucleotidyl transferasemediated dUTP nick-end labelling)
Identification of apoptotic cells by the detection of DNA strand breaks was performed using an in situ detection kit (Dead End TM Colorimetric TUNEL system; Promega Corporation, Madison, WI, U.S.A.). As a result of this procedure, which was performed as described by the manufacturer, apoptotic nuclei are stained dark brown.
Image analyses and quantification
Microscope images were carried out with a CoolSnap digital camera and Image J software was used for image analysis. The IOD (integrated optical density) of the fluorescence or number of positive cells per 100 mm 2 was evaluated by measuring 100 mm 2 throughout the area shown by a dotted line in each Figure. Three consecutive sections at the middle dorsal hippocampus were used for quantifications of NG2, CAII, GFAP, GSA-1B4 positive cells and RIP and MBP IOD in the CC. O4 IOD; pyknotic O4 (O4+/caspase3+) and TUNELpositive cells in the CC were quantified in three consecutive sections at the bregma level. Three consecutive sections at the bregma level were used for quantifications of PCNA, PDGFRa, proliferating OPC (PDGFRa+/BrdU+), GSA-1B4, cleaved-caspase 3 positive cells and Shh IOD in the SVZ. The cell counting results were converted into cells per mm 2 using Abercrombie's correction (Abercrombie, 1946 ) and the mean value was used for representing one single brain. In one set of assays, the results from experimental groups were normalized by comparison with the results obtained in the control specimens (which were processed in parallel). The control data were set at an arbitrary value of 100% immunoreactivity. The result was expressed as a percentage of its own control. In other set of assays, the results from experimental groups were expressed as the number of positive cells per mm 2 .
For measurements of the diameter of the hemispheres, photos from representative H/E (haematoxilin/eosin)-stained sections at P21 were captured by a Exmor R CMOS sensor Camera (DSC-WX1 Sony) connected to a stereo microscope (Leica EZ4) and images were analysed using the Image J software. Diameters of the IL (ipsilateral) and CL (contralateral) hemispheres were measured and the width ratio (WR5IL/CL) determined for each condition.
Statistics
Statistical analysis was performed using GraphPad Prism 4.03 software by analysis of variance followed by Newman-Keuls multiple comparison test. A P,0.05 was considered statistically significant. Data are given as the means¡S.E.M.
RESULTS
In this study, only the right carotid artery was ligated. A set of these animals was only ischaemic (so the left hemisphere was used as control), whereas another set, apart from being ischaemic, was submitted to hypoxia. Therefore, in the last case the right brain hemisphere was H/I and the left hemisphere only hypoxic (H). At 24 h post H/I, a group of animals received a single ICI of 350 ng of aTf (hemispheres denominated H/I aTf and H aTf) or saline (hemispheres denominated H/I S and H S). Animals were studied at different time points after H/I insult.
H/I-induced damage on myelination is reversed by ICI of aTf
Brain coronal slices obtained at 3, 8 and 14 days after artery ligation (P10, P15 and P21) were used for CC immunohistochemical studies. Slices were analysed for immunoreactivity using anti-NG2 for identifying immature proliferating OPCs, anti-CNPase (RIP), anti-CAII and O4 to evaluate more differentiated (myelinating) OLs, and anti-MBP to determine myelinated tracts and mature OLs. In turn, Sudan Black staining was used to identify myelin lipids. Immunoreactivity for each of these antibodies was evaluated by measuring the IOD of the reactive cells or the number of positive cells per mm 2 , following the procedure described above. At P21 slices were also analysed using H/E staining for testing the global damage produced by the H/I. At the same age, anti-bIII tubulin was used in order to test neurons from the neocortex as well as their axons.
At P10 a significant increase in NG2+cells (1500¡443 versus 311¡55/mm 2 , P,0.001) and a 32% decrease in O4+ immunoreactivity (P,0.01) was observed in H/I S as compared with the control brain ( Figure 1A) . It was observed that there was a 1.8-fold decrease in NG2+ cells (825¡120/mm 2 , P,0.01) when aTf was ICI, as compared with the saline-treated H/I group, whereas O4 under the same experimental condition was not completely corrected ( Figure 1A ).
At P15 a 27% decrease in MBP immunoreactivity was clearly observed in H/I S animals (P,0.001), which returned to normal by ICI of aTf (P,0.05) ( Figure 1B) . At P21 RIP immunoreactivity and CAII+ cells as well as myelin lipids evaluated by Sudan Black staining were significantly decreased in H/I S animals as compared with controls (49 and 38% decrease in CAII+ cells and RIP IOD, respectively, in the IL hemisphere; P,0.001) (Figures 2A-2D ). RIP immunoreactivity returned to control values in H/I when animals were ICI with aTf (P,0.001) (Figures 2B, 2C and 2E) . When aTf was ICI, CAII+ cells which were diminished in the H S and H/I S hemispheres returned to normal values only in the hypoxic hemisphere (P,0.001), whereas in H/I the number of CAII+ cells increased (26% increase as compared with the saline-treated H/I group P,0.01) but did not reach normal values ( Figures 2D and 2E) . At P21, a 38% decrease in MBP immunoreactivity was observed in H/I S animals (P,0.001), which returned to normal by ICI of aTf (P,0.001; Figures 3A and 3B) ; these results were further confirmed by Western blot as shown in Figures 3(C) and 3(D).
Global damage after H/I was tested using H/E staining and measuring hemispheric ratios. At P21 there was no difference between both hemispheres in only ischaemic rats (WR5 ,1) ( Figure 4AI ). After H/I, a significant hemisphere difference in the ratio was observed (WR50.76¡0.07, P,0.001; Figure  4AII ). ApoTf alleviated the extent of IL atrophy (WR5 0.88¡0.06; P,0.01) ( Figure 4AIII ). The IL neocortex of H/I animals exhibited reduced numbers of b-tubulin III-positive neurons and axons, whereas when aTf is ICI bIII tubulin immunoreactivity was recovered ( Figure 4C ).
SVZ and PVWM (periventricular white matter) response post H/I is enhanced in aTf-treated rats
Recent experimental data indicate that diverse forms of ischaemic injury stimulate neural precursor proliferation, particularly from SVZ (Ong et al., 2005; Kadam et al., 2008; Alagappan et al., 2009) . In order to test whether aTf induces protection in post-H/I myelination and leads to changes in the SVZ and PVWM response, we investigated the expression of different markers. Nestin positive cells increased in H/I S and H/I aTf rats in the SVZ ( Figure 5A ). Using another proliferation marker, PCNA, 72 h after H/I, the number of PCNA+ cells were more abundant as compared with control in the SVZ (2.1-fold increase; P,0.05). ApoTf treatment induced a further increase in PCNA-positive cells as compared with the H/I S condition (1.7-fold increase; P,0.01) (Figures 5B  and 5C ). The number of PDGFRa+ cells were diminished in H/I S as compared with control (1.7-fold decrease; P,0.01). ApoTf prevents this reduction in PDGFRa+ cells (P,0.01) (Figures 5D and 5E ). To further confirm these results, double labelling of PDGFRa and BrdU was done. The number of PDGFRa+/BrdU+ cells at the SVZ following aTf treatment was 1.7-fold of that in the saline-treated H/I group (Figures 6A  and 6B ; P,0.01). At P21, CAII+/BrdU+ cells were observed in the CC of H/I aTf rats after BrdU injection at P8, P9 and P10 (Figures 6D-6G) . As previously described, Shh is an early secreted protein required for OL specification during myelination (Alberta et al., 2001 ). This morphogen was evaluated 72 h post H/I in the SVZ under different experimental conditions. In coincidence with the results obtained with the expression of PDGFRa, Shh was decreased in animals after H/I injury (52% decrease as compared with control; P,0.05) whereas a significant recovery was observed in aTf-treated rats (31% increase as compared with H/I S; P,0.05) (Figures 7A and 7B ). In agreement with the immunohistochemical results, Western-blot analysis showed a decrease in the non-cleavage form of Shh (present in the cell) in the H/I S condition with a recovery after ICI aTf ( Figure 7C ). In post H/I, an increase in activated microglia was observed in the SVZ and PVWM area as compared with the control group (7-fold increase; P,0.001), with a major increase in H/I aTf rats (12-fold increase; P,0.01) (Figures 8B  and 8D ). TfR (transferrin receptor) expression was also increased after H/I injury, being more evident in H/I aTf rats ( Figure 8A ). It was found not only in microglial cells but also in some blood vessels as evaluated with GSA-1B4 and Cd71 co-localization ( Figures 8C and 8C9 ).
In addition, apoptosis evaluated by cleaved-caspase-3 in the H/I S SVZ was 18-fold increased as compared with control animals (P,0.001). aTf treatment decreased the number of caspase-3 positive cells 8-fold as compared with the saline H/I group (1288¡88 versus 160¡67/mm 2 ; P,0.001) ( Figures 9A and 9B) . These results suggest that the aTf ICI increases the proliferation of cells committed to the oligodendroglial fate and has a protective effect on the viability of SVZ cells.
In order to further confirm our results in the SVZ, neurospheres generated from control animals, H/I S and H/I aTf at P11 (4 days post H/I) were used for size measurement under the different experimental conditions. The size of spheres was quantified in vitro at day 6. In H/I aTf animals, an increase in the neurospheres size was observed (2.8-fold average increase and 7.1-fold average increase in comparison with the control and H/I saline condition respectively) ( Figures 10A and 10B) . The commitment to OL fate and the differentiation level of OL cells were also evaluated by flow cytometry in neurospheres, which were allowed to differentiate in GDM over 5 days. Increased commitment to the OL fate was observed in ICI aTf post H/I as compared with H/I S animals (1.75-fold versus 1.35-fold increase relative to control, respectively; P,0.05). A higher OL differentiation level was also observed in neurospheres from ICI aTf post-H/I animals as compared with H/I S animals (1.85-fold versus 1.41-fold increase relative to control, respectively; P,0.05, Figure 10C ).
aTf-induced neuroprotection leads to a decrease in iron, lipid peroxidation and astroglial and microglial activation in CC Cryostat sections from the brains of the different animal groups were analysed to evaluate astroglial and microglial activation. We used G. simplicifolia staining and morphological evaluation to select activated microglia and GFAP as a characteristic marker to identify astrocytes.
H/I induced microglial and astroglial activation. H/I S animals showed increased GFAP immunoreactivity in the CC at P10 (656¡402 versus 247¡113 cells/mm 2 ; P,0.01) and P15 (630¡133 versus 226¡163 cells/mm 2 ; P,0.001) as compared with control animals. aTf-treated animals showed a reduction in astroglial activation as compared with the saline H/I group at both P10 (463¡86 cells/mm 2 ; P,0.05; Figures 11A and 11C ) and P15 (431¡187 cells/mm 2 ; P,0.05; Figures 11B and 11C ).
As previously reported, H/I increased iron deposition and ferritin expression, which were detected in our experiments at P10 ( Figure 12A ). ApoTf treatment attenuated iron release in H/I animals at P10 ( Figure 12A ). When iron levels were evaluated at P15 and P21, we found the same levels of Perl staining in CC of both H/I S and H/I aTf-treated animals, with a slight increase as compared with control rats (data not shown). Concomitantly, ferritin levels always paralleled iron levels ( Figure 12A ). On the other hand, microglial activation significantly increased in H/I S at P10. The high increase in microglia activation coincided with an iron increase, whereas iron deposits appeared to occur in the microglia ( Figure 12B ). H/I-induced damage on myelination at P10 and P15 is reversed by ICI of aTf Brain coronal sections of control, H/I S and H/I aTf animals at 10 and 15 days of age were stained with antibodies specific for different OLs markers. (A) A decrease in O4 and an increase in NG2 immunoreactivity was observed in the CC of H/I S animals as compared with control rats at P10 (n59 H/I S; n57 H/I aTf and n56 Control). (B) At P15 the normal MBP staining pattern is altered in H/I S animals and there is a significant recovery in H/I ICI aTf rats (n56 H/I S; 6 H/I aTf and 6 Control). Boxed areas are shown at high magnification. (C) O4 and MBP IOD and NG2+ cell/mm 2 were quantified and it was only done in the control and H/I hemispheres. The data show a decrease in O4 and MBP IOD and an increase in NG2+ cell number in H/I S animals and its recovery after the ICI of aTf. Scale bars, 100 mm in (A) and (B9); 1 mm in (B). Values were the means¡S.E.M. of three independent experiments (*P,0.05; **P,0.01; ***P,0.001 relative to C animals; # P,0.05; ## P,0.01 relative to H/I S animals). C5control; I5ischaemic; H5hypoxic and H/I5hypoxic-ischaemic, S5ICI saline, aTf5ICI of aTf.
The number of GSA-1B4+cells in H/I S was significantly higher than in control (885¡229 versus 172¡82 cells/mm 2 ; P,0.001) and when aTf was ICI the microglia activation was significantly lower (611¡150 cells/mm 2 ; P,0.05) although it was significantly higher than in control rats ( Figures 12B and  12C) . In order to test whether the decrease in the iron levels in H/I aTf led to a decrease in lipid peroxidation by radical oxygen species, an immunohistochemical analysis using anti-HNE antibody (which recognizes Na-acetyllysine-HNE fluorophore) a lipid peroxidation product was carried out. At P10, aTftreated animals showed considerably reduced levels in HNE+ inmunostaining in the IL hemisphere as compared with the H/I S condition (37% decrease; P,0.05; Figures 12B and 12C) .
aTf reduces the levels of apoptotic cells post H/I in the CC
In order to test the changes in cell survival after H/I, we determined the number of apoptotic cells by TUNEL staining and immunohistochemical studies. TUNEL+ cells were significantly increased in H/I S as compared with control (391¡68 versus 17¡4/mm 2 ; P,0.001) and significantly reduced when aTf was ICI (52¡37 cells/mm; P,0.001, Figures 13B and  13D) . In order to identify the cells that underwent apoptosis, we carried out co-localization experiments with anti-cleavedcaspase-3 and O4 antibodies as a marker of OLs. Our results showed that a great number of apoptotic cells in the CC were O4+OLs (Figures 13A and 13C ). 
DISCUSSION
PVL is one of the major causes of neurological impairment in premature newborns. The aetiology of white matter injury is multifaceted, with H/I being an important underlying factor. Advances in neonatal critical care have dramatically improved survival rates from these injuries, but approx. 50% of H/I infants would subsequently suffer neurologic sequelae. Although selected regions of the brain are damage by H/I at different ages, the white matter peripheral to the lateral ventricles called PVWM is selectively vulnerable to damage in premature infants (Rezaie and Dean, 2002; Johnston, 1997; McQuillen and Ferriero, 2004; Volpe 2003; Follet et al., 2000; Folkerth, 2006) .
Since 1994 numerous studies were designed in our laboratory to determine whether aTf has a trophic effect on myelin production independent of iron. It was found that the ICI of a single dose of apoTf (iron-free Tf) in 3-day-old rats produces an increase in the levels of the MBP and CNPase mRNA and protein without affecting those of PLP (proteolipid protein) (Escobar Cabrera et al., 1994 , 1997 . The effects of aTf were not only specific, but also required the entire molecule, and thus the above-mentioned hypothesis was confirmed when denatured aTf was injected. The mechanism of action of aTf implicating iron could be either direct or indirect. However, when animals were injected with iron dextran at different doses we obtained negative results. Subsequently, it was demonstrated that there was an increase in the mRNA of tubulin and actin, as well as in various microtubuleassociated proteins in rat brains receiving ICI with aTf (Cabrera et al., 2000) . In congruence with the biochemical studies, morphologic evaluation of apoTf-injected rats showed increased deposition of myelin in the optic nerves and the CC (Marta et al., 2003) . All our results were corroborated in transgenic mice with double doses of the human Tf gene developed by Saleh et al. (2003) .
The aim of this work was to examine the role of aTf in the remyelination process after a periventricular white matter injury in a rat model of H/I as previously described by Rice et al. (1981) . Our results suggest that aTf provides neuroprotection to OPCs after cerebral H/I promoting remyelination in different white matter areas and specially the CC. Since association neurons project from the neocortex through the CC, protection by aTf of these neurons was also studied. A strong protection of axons of these neurons was observed probably because of the successful remyelination process aTf mediated. Additionally, we have found that aTf treatment increases proliferation in the SVZ and, as a consequence, the number of positive cells for OPC markers and decreased cell death in neonatal SVZ subjected to H/I insult.
Considerable clinical and experimental data have demonstrated that immature OLs are highly susceptible to H/I insult (Back et al., 2001; . A number of papers have dealt with Shh expression in the SVZ under the different experimental condition (A) Brain coronal sections from control, H/I S and H/I aTf at P10 were immunostained for Shh. Shh expression in SVZ decreased considerably and became barely detectable in H/I S animals. There is a significant recovery of Shh reactivity in H/I aTf animals. Scale bar, 100 mm. (B) Values of Shh IOD in the SVZ were quantified in a highlighted area with a dotted line and were the means¡S.E.M. of three independent experiments (n59 H/I S; n57 H/I aTf and n56 control; *P,0.05; ***P,0.001 relative to C animals; # P,0.05; ### P,0.001 relative to H/I S animals). (C) Western-blot analysis of the protein lysates from SVZ at P10 shows decreased noncleavage Shh expression after H/I S and its recovery after aTf treatment (three animals per condition). CTROL5control, H/I5hypoxic/ ischaemic animals, S5ICI saline, aTf5ICI aTf. this matter and a special mention can be made to that of Back et al. (2006) , where they supported the idea that hypoxia inhibits OLs maturation, and that caffeine administration during postnatal development may be useful in the prevention of PVL. On the other hand, intraventricular administration of insulin-like growth factor-1 after H/I rescues OPCs in the perinatal white matter when was given after insult (Wood et al., 2007) . The protection of minocycline was associated with its ability to reduce microglial activation. Results of Fan et al. (2006) show that minocycline has longlasting protective effects in the neonatal rat brain in terms of H/I-brain injury.
In our experiments, animals under H/I showed an increase in immature OLs markers such as NG2 and a decrease in mature OLs evaluated by O4 and MBP, indicating that myelin damage leads to an increased population of OPC. At P10 when aTf was ICI 24 h after H/I injury, the NG2+ cells significantly decreased concomitantly with an increase in O4 and MBP immunostaining, suggesting that aTf induced the differentiation of oligodendroglial precursors formed during injury. The immunoreactivity of O4 could not be completely corrected by ICI of aTf, probably because O4 is a marker not only of mature OLs but also of premyelinating OLs (Back et al., 1998) .
An increased TfR expression on the blood vessels and the microglial cells in the PWM after hypoxic injury was reported (Kaur and Ling, 1999) . TfRs are involved in the acquisition of iron (Laskey et al., 1988) and it was suggested that microglial cells are involved in the uptake of excessive iron for storage through transferrin receptors (Kaur and Ling, 1999) . Although sequestration of excessive iron by microglia in the hypoxic PWM may be a microglia's attempts to protect the immature OLs against its toxic effects, iron accumulation in the PVL may affect the immature OLs directly through oxidative stress, resulting in their death. aTf could help to remove excessive iron by microglial uptake. Moreover, aTf could increase iron uptake, avoiding deleterious effects of free iron.
As already mentioned, results showed that H/I in 7-day-old rats produces severe white matter damage and myelination impairment, as evaluated by different markers of myelinated tracts and oligodendroglial differentiation. These changes were accompanied by augmented iron levels revealed by Perl staining 2 days after H/I reaching a maximum 72 h after injury.
Excitotoxicity, oxidative stress, inflammation and apoptosis are some of the mechanisms involved in the vulnerability of OLs to H/I (Volpe, 2001) . It is known that brain iron levels increase after H/I in newborn animals (Adcock et al., 1996) and in turn, excessive iron can contribute to H/I brain damage promoting hydroxyl radical formation Gutteridge, 1992; Paller and Hedlund, 1994) and lipid peroxidation (Yu et al., 2003; Shouman et al., 2008) . Activated microglia or astrocytes are the major source of reactive oxygen species that initiate lipid peroxidation by interacting with lipid components of the cellular membranes, resulting in the production of reactive by-products including HNE (Christen, 2000) . 4-HNE, a lipid peroxidation product, was also found in the infant brain with PVL (Haynes et al., 2003), indicating the link between PVL and ROS (reactive oxygen species). In a study by Fan et al. (2007) , many O4+ OLs in the rat brain have been found double labelled with 4-HNE and malondialdehyde. Our results showed a significant microglial and astroglial activation associated with H/I injury, which was accompanied by an increase in iron deposition and lipid peroxidation. Cells expressing 4-HNE in the CC and in the cingulum 72 h post-H/I insult and the co-localization in O4+ cells with cleaved-caspase-3 immunostaining were found, indicating that O4+ cells might be a susceptible cell population to oxidative stress and apoptotic death after H/I. These alterations were reversed by aTf ICI, thus a reduction in Figure 9 ICI of aTf reduces the number of apoptotic cells in the SVZ (A) Brain coronal sections from control, H/I S and H/I aTf at P10 stained with Höechst and immunostained for cleaved-caspase 3. A significant amount of cleaved-caspase 3+ cells were detected in the dorsolateral SVZ after H/I which was reversed when aTf was ICI after H/I. Scale bar, 100 mm. (B) Number of cleaved-caspase 3+ cells in the SVZ were quantified in a highlighted area with a dotted line and are the means¡S.E.M. of three independent experiments (n59 H/I S; n57 H/I aTf and n56 control; ***P,0.001 relative to C animals; ### P,0.001 relative to H/I S animals). CTROL5control, H/I5hypoxic/ischaemic animals, S5ICI saline, aTf5ICI aTf.
Figure 10
Neurospheres grow larger when isolated from animals ICI with aTf (A) Representative phase-contrast photomicrographs of neurospheres generated from SVZ of H/I ICI with saline and aTf. Note the larger size of the spheres in the H/I ICI aTf culture. Scale bar, 100 mm. (B) The spheres size was quantified at 6 days in vitro. Phasecontrast images of representative neurospheres were captured for quantification. (C) Spheres were plated into poly-ornitine-coated dishes and differentiated in growth factor free medium for five days. The differentiated spheres were scrapped, inmunostained for oligodendroglial markers (O4 and MBP) and analysed by flow cytometry. The results are expressed as percentage of O4+ or MBP/ O4+ cells of total differentiated cells. Values are from three independent experiment (n59 H/I S; n59 H/I aTf and n56 control; *P,0.05; **P,0.01 relative to C animals; #P,0.05, ### P,0.001 relative to H/I S animals). CTROL5control, H/I5hypoxic/ ischaemic animals, S5ICI saline, aTf5ICI aTf. iron deposition, free radical generation, lipid peroxidation and apoptotic death of oligodendroglial cells was observed.
We also found increased ferritin expression that paralleled iron accumulation. Cheepsunthorn et al. (1998) reported that the type of ferritin, its cellular distribution and the normal pattern of subcortical white matter myelination are affected by H/I. These authors proposed that the absence of ferritin in OLs prevents them from storing sufficient iron to meet the synthetic and metabolic demands associated with myelination. However, a recent study by Todorich et al. (2009) showed that ferritin and not transferrin is the transporter of iron inside the OLs. In our study, the strong staining by Perl's reaction coincides with the localization of an increased number of microglial cells. Ferritin, probably also augmented in microglia, is capable of transporting iron inside the oligodendroglia, increasing reactive oxygen species generation leading to apoptosis, supported by the observation of cleaved-caspase-3+ cells. Once again, the exogenous aTf ICI has been successfully used to rescue the white matter damage after H/I injury.
There is a growing consensus that the remyelination process is initiated in the SVZ, where OPCs are induced to proliferate, migrate towards demyelinated areas and differentiate into mature myelinating OLs (Picard Riera et al., 2002; NaitOumesmar et al., 1999) . An increase in the number of neural precursors in the SVZ after moderate ischaemic injuries was observed by Alagappan et al. (2009) . These authors also demonstrate that quiescent cells in the SVZ showed an increase in cell division in the presence of the EGFR (epidermal growth factor receptor). Ong et al. (2005) have also studied the effect of H/I injury on SVZ cell proliferation. H/I resulted in enlargement of the IL SVZ at P14-28 and a corresponding increase in BrdU cell number and neurogenesis, based on increased doublecortin immunostaining in the IL SVZ at P14-28. However, 4 weeks after H/I injury in the lesioned striatum, although BrdU/GFAP-and BrdU/RIP-labelled cells were identified, no BrdU/ neuronal nuclear protein double-labelled cells were found. In this study, we observed that H/I injury induced an expansion of the SVZ and an increase in the cell population of progenitors evaluated by the expression of nestin. When aTf was ICI, an enhanced proliferation was demonstrated by the presence of increased PCNA+ cells after aTf injection, with an increase in the amount of PDGFRa +cells, indicating that aTf is capable of not only increasing proliferation but also producing changes in SVZ response, Figure 11 aTf-induced neuroprotection leads to a decrease in astroglial activation Brain coronal sections from control, H/I S and H/I aTf at P10 and P15 were inmunostained for GFAP to identify astrocytes. (A and B) Exposure to H/I resulted in increased GFAP-positive staining in the CC as compared with control rats at P10 and P15 respectively. ApoTf attenuated H/I-induced astrogliosis at both ages. Scale bar, 100 mm. (C) The number of GFAP+ cells was quantified in the highlighted area with a dotted line. The results are expressed as the means¡S.E.M. of three independent experiments (n56 H/I S; n56 H/I aTf and n56 control; *P,0.05; **P,0.01; ***P,0.001; relative to control animals; # P,0.05 relative to H/I S animals). CTROL5control; I5ischaemic; H5hypoxic and H/I5hypoxic-ischaemic, S5ICI saline, aTf5ICI aTf.
converting neural stem cells into oligodendroglial lineage cells. Twelve hours after H/I an intraperitoneal BrdU injection was administered to the animals. When proliferating cells were analysed in the SVZ a higher number of cells already committed to the OLs lineage were observed (BrdU+/ PDGFRa+ cells) in animals receiving an ICI of aTf post-H/I as compared with those post-H/I injected with saline.
OL precursors express a number of molecular markers, including PDGFra, PLP/DM2O and the recently cloned bHLH transcription factors, Olig1 and Olig2, which require Shh signalling. An increase in Shh+ immunoreactive cells was detected in the ventricular wall after aTf injection. When this morphogen was tested by Western blot, the protein results paralleled the immunoreactive experiments. These results agree with those previously reported showing that Shh exogenously delivered into the lateral ventricle of adult mice increases the number of proliferating cells expressing the OL marker DM20 in the CC (Loulier et al., 2006) . On the other hand, an increase in microglia activation and TfR in the SVZ and PVWM occurs after aTf ICI as compared to the increase observed in H/I, favouring the increase in stem cell/progenitors population by proliferation (Thored et al., 2009) , which may also help to remyelinate areas demyelinated by H/I. In concordance with Skoff et al. (2001) , we showed an increase in the cleavedcaspase-3+ cells in the SVZ after H/I. These apoptotic cells were not found when aTf was ICI, suggesting that this treatment generates a more favourable environment for the survival of SVZ progenitors.
Our results described in SVZ were strongly supported by those obtained in neurospheres derived from H/I animals ICI Figure 12 aTf reduces the levels of iron, lipid peroxidation and microglia activation in H/I; effect of aTf at P10 Brain coronal sections from control, H/I S and H/I aTf at P10. (A) After cerebral H/I, there was a considerable increase in histochemically detectable iron in the IL hemisphere, which was attenuated with aTf treatment. Ferritin expression accompanies the iron levels in the evaluated situations. (B) An increased number of microglial cells, as measured by G. simplicifolia staining, were detected in the IL CC three days after H/I, coinciding with iron positive cells. An increased lipid peroxidation, evaluated by HNE immunostaining, was also observed in the cingulum area. aTf treatment prevents microglial response and reduces HNE levels. Scale bar, 100 mm in (A) and (B). (C) IOD of HNE and number of GSA-1B4+ cells/mm 2 were evaluated in the quantification area highlighted with a dotted line and are the means¡S.E.M. of three independent experiments (n59 H/I S; n57 H/I aTf and n56 control; ***P,0.001; **P,0.01 relative to control animals; # P,0.05 relative to H/I S animals). CTROL5control, H/I5hypoxic/ ischaemic animals, S5ICI saline, aTf5ICI aTf. with aTf, which showed an increased commitment to oligodendroglial fate as well as an increase in their size, indicating that aTf is acting on their commitment and also in the differentiation process. Further experiments will be done in order to ascertain whether in our experimental design aTf exerts a direct effect on SVZ response or whether is it mediated by other factors such as microglial activation, Notch receptor modulation and Akt signalling.
To the best of our knowledge, this is the first report on the in vivo neuroprotective effect of aTf on OPCs after neonatal cerebral H/I. Our results strongly demonstrated that the aTf treatment after H/I protected myelination through a decrease in iron-induced damage and an accelerated oligodendroglial maturation in the CC. In addition, aTf seemed to increase proliferation and survival of SVZ progenitors and their commitment to oligodendroglial fate. Furthermore, our results suggest that aTf treatment would be a novel therapeutic tool for the recovery after H/I injury. Efforts are being made in our laboratory to develop an aTf molecule capable of permeating the blood brain barrier.
